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The effect of carbon addition on the magnetostriction of Fe–Ga and Fe–Al alloys was investigated
and is summarized in this study. It was found that the addition of carbon generally increased the
magnetostriction over binary alloys of Fe–Ga and Fe–Al systems. The formation of carbide in the
Fe–Ga–C alloys with a composition near D03 phase region decreased the magnetostriction
drastically. Fe–Al–C and Fe–Ga–C alloys responded differently to thermal treatments; the
magnetostriction in the quenched Fe–Al–C alloys is equal to or slightly lower than that of the slow
cooled as is observed in binary Fe–Al alloy; in contrast, the magnetostriction is generally higher in
quenched Fe–Ga–C alloys than slow cooled condition, consistent with the behavior of binary alloys
of Fe–Ga. A significant increase in magnetostriction between 25% and 165% depending on the
phase region in Fe–Ga–C alloys by quenching was observed in the A2+D03 two-phase region and
D03 single phase region. © 2010 American Institute of Physics. doi:10.1063/1.3311884
I. INTRODUCTION
Recently, Clark and his collaborators1–7 discovered that
Fe–Ga alloys possess the highest single crystalline magneto-
strictive strain for a binary alloy approximately ten times
that of pure Fe and unlike other magnetostrictive alloys,
retain significant ductility. The high magnetostriction MS
combined with the good mechanical properties makes Fe–Ga
alloys a promising material with applications in actuator,
sensor, and other devices. The exploration of ternary Fe-
based alloys has been carried out to search alloys with a
higher MS as well to improve mechanical properties and/or
corrosion resistance.8,9 Previous work9 indicates that addi-
tions of transition metal elements at levels greater than 2
at. % reduce the saturation MS of single crystalline Fe–Ga
samples. The decrease in MS in ternary Fe–Ga alloys con-
taining transition metal elements is due to the increased sta-
bility of the D03 structure.9,10 In contrast, it has been found
that small amounts of C additions in Fe–Ga alloys can in-
crease the tetragonal MS 100 by approximately 10%–30% in
the composition range of 5–22 at. % Ga.8,9 Further micro-
structural characterization found that carbon additions ex-
tended the single phase body-centered-cubic bcc -Fe
phase region to higher Ga contents. Extension of the  phase
region in Fe–Ga beyond the binary solubility limit leads to
even larger values of 100 than previously reported.
Trends in the tetragonal MS of Fe–Ga alloys closely fol-
low the phase relations in the binary metastable phase
diagram.11,12 Our previous studies mainly focused on the ef-
fect of carbon addition into Fe–Ga alloys with Ga content up
to 23 at. %, corresponding to the A2 and A2+D03 phase
regions.8,11 In this study, we extended our study on carbon
addition into Fe–Ga alloys over a composition range of
25–30 at. % Ga, where the dominant phase is D03, and
the added carbon may behave differently from that in the
other phase regions.
The stable Fe–Al Ref. 13 phase diagram is similar to
the metastable Fe–Ga Ref. 12 phase diagram at room tem-
perature, i.e., there are phase regions that consist of A2,
A2+D03, and D03 at compositions of up to 40 at. %. There-
fore, it is not unexpected that room temperature MS of Fe–Al
alloys14 shows similar compositional dependence to Fe–Ga
alloys; it increases with Al content in the A2 phase region,
reaching a maximum at around 20 at. % Al near the phase
boundary13 and then decreases with Al content in the A2
+D03 two phases region. Unlike Fe–Ga, MS in the alumi-
num alloys continues to a decrease in the D03 single phase
region, consistent with the rapidly decreasing Curie tempera-
ture and loss of ferromagnetism at 30 at. % Al.15 In addi-
tion, Fe–Al alloys respond to thermal treatments differently
from Fe–Ga alloys;14 usually water quenched Fe–Ga Ref. 3
and Fe–Ga–C Ref. 8 alloys have higher magnetostriction
than slow cooled ordered ones and this effect is most dra-
matic near the phase boundary and is attributed to the pre-
vention of D03 formation during quenching,8 whereas the
water quenched Fe–Al alloys have a slightly lower MS than
those of slow cooled ones when Al content is 15 at. %.16
The origin of these differences was not clear. In this work,
we examined the influence of C on MS of alloys in the
Fe–Al system to assess whether carbon has a similar effect in
Fe–Al as was found in Fe–Ga alloys and whether this would
provide insight in the thermal behavior differences in the
binary alloys.
II. EXPERIMENTS
Appropriate quantities of electrolytic grade iron 99.99%
purity contained the following major impurities in ppm
weight C10 and O60, electronic grade gallium
99.9999% purity, and electronic grade aluminum 99.99%aElectronic mail: mhuang@ameslab.gov.
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purity were arc melted several times into buttons under an
argon atmosphere. Carbon additions of 400 ppm by weight
were made using arc melted Fe–5 at. % C master alloys. The
buttons were then remelted and the alloy drop cast into a
copper chill cast mold to ensure compositional homogeneity
throughout the ingot. Single crystal growth was done using
the Bridgman technique in a resistance furnace. Following
crystal preparation, the ingots were annealed at 1000 °C for
168 h to homogenize the composition and were cooled at
10 °C /min in a furnace filled with high purity argon. Ori-
ented 100 disks, 6 mm in diameter and 2–3 mm thick, were
sectioned from the ingot and marked with in-plane 100 and
110 directions for strain gage alignment. MS was measured
by rotating the disk in a 20 kOe magnetic field applied par-
allel to the face of the disk. The resulting strain was fitted to
the lowest order MS term which follows a cos2  angular
dependence. The next higher order MS term, which follows a
cos4  angular dependence, was generally found to be less
than 10 ppm. MS was also measured on the disks after an-
nealing in a sealed quartz tube at 1000 °C for 4 h and
quenched into water. Fe–Al–C alloys were wrapped with tan-
talum foil to prevent the reaction between aluminum and the
quartz tube.
Composition measurements of each disk were done by
energy-dispersive spectrometry in a JEOL 840A scanning
electron microscope using Fe–Ga and Fe–Al alloys with
known composition as internal standards. The composition
was determined by the average of five measurements evenly
distributed across the disk. Carbon content was analyzed us-
ing combustion gas analyzer method and about 0.5 g of al-
loys was used for each sample.
Powders for x-ray diffraction XRD were made by fil-
ing the ingot, followed by annealing at 600 °C in a sealed
quartz tube filled with high purity Ar to release the residual
stress. XRD studies were conducted in a Panalytical X’Pert
diffractometer with Cu K radiation at 45 kV and 40 mA.
The scans were performed over a 2 range of 20°–90° using
a scan step of 0.02°.
High-energy transmission x-ray experiments were per-
formed at Sector-6 Advance Phonon Source. Monochromatic
x-ray of 100 keV was used. The sample size was 55
0.5 mm3. Oriented samples were prepared using standard
metallographic procedures with the final polishing step using
1 m diamond paste, followed by a light Nital etch. The last
step was found to be crucial in the removal of surface dam-
age layers, thereby eliminating the formation of diffuse De-
bye rings observed at the positions of the primary reflections
of the cubic phases.
III. RESULTS
The MS for Fe–Ga–C and Fe–Al–C alloys is summa-
rized in Table I. The MS and structural characterization of
Fe–Ga–C alloys containing up to 30 at. % Ga are pre-
sented first, followed by the MS of Fe–Al–C alloys up to
25 at. % Al. The results of the MS are classified by and
described in the categories of slow cooled and quenched
samples. The MS of Fe–Ga–C and Fe–Al–C alloys is gener-
ally higher than that of Fe–Ga Ref. 11 and Fe–Al Refs. 14
and 16 binary alloys and followed a similar trend of the
binary alloys.
A. Fe–Ga–C alloys
1. Fe–Ga–C alloys with È10–27 at. % Ga
It can be seen from Fig. 1 that the MS of the water
quenched ternary Fe–Ga–C alloys followed a similar trend as
that of the quenched Fe–Ga binary alloys,11 i.e., a two-peak
curve that has shifted in the following way: the MS is gen-
erally higher in the ternary through the second peak with a
gallium content of up to 27 at. %; the first peak with a
value of 432 ppm is about 10% higher than that in the binary
with a value of 397 ppm and shifted to a higher gallium
composition; and the second peak is also higher but shifted
TABLE I. MS of Fe–Ga–C and Fe–Al–C alloys.
Composition
3 /2 100
ppm
Slow cooled Water quenched
Fe90.14Ga9.7C0.16 a 152 147
Fe87.84Ga11.9C0.16 a 202 204
Fe83.78Ga16.0C0.22 326 310
Fe83.7Ga16.2C0.08 b 268 279
Fe82.4Ga17.6C0.07 b 322 298
Fe81.4Ga18.6C0.08 b 369 334
Fe81.3Ga18.6C0.17 a 342 369
Fe80.38Ga19.6C0.03 a 311 396
Fe78.92Ga20.9C0.18 a 307 432
Fe77.1Ga22.7C0.20 a 258 317
Fe75.21Ga24.3C0.49 a 251 310
Fe73.2Ga26.7C0.10 169 450
Fe72.59Ga27.3C0.11 131 125
Fe72.17Ga27.7C0.13 113 141
Fe71.76Ga28.1C0.14 110 169
Fe86.57Al13.4C0.03 158 158
Fe82.74Al17.2C0.06 199 201
Fe81.24Al18.56C0.19 204 192
Fe77.96Al22C0.04 165 156
Fe77.40Al22.5C0.10 145 124
Fe76.37Al23.5C0.13 130 122
aData published in Ref. 8.
bData published in Ref. 9.
FIG. 1. MS of Fe–Ga–C alloys in the slow cooled and water quenched states
compared with that of the binary Fe–Ga alloys. Trend lines are drawn to
guide eyes.
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to a lower gallium composition. A maximum of 450 ppm was
obtained for the alloy with 26.7 at. % Ga, which is the high-
est value reported so far for iron-based alloys and is higher
than that in the binary alloy with a MS of 440 ppm at 28.5
at. % Ga. It should be noted that these are preliminary data
and further studies with controlled carbon additions are
needed to confirm the trend for the second peak.
The MS of the slow cooled Fe–Ga–C alloys with 10–
24.5 at. % Ga also follows a similar trend as in the binary
alloys,11 and like that of the quenched samples, is generally
higher than the MS of the binary alloys with a similar Ga
content. MS increases with gallium content in the A2 region
and reaches a maximum of 369 ppm at 18.6 at. % Ga, about
16% higher than the peak value of 319 ppm at 17.9 at. % Ga
for the binary alloys and then decreases in the A2+D03 re-
gion.
2. Fe–Ga–C alloys with È27–30 at. % Ga
It can be seen from Fig. 1 that the MS of both slow
cooled and water quenched Fe–Ga–C alloys with
27–30 at. % Ga is much lower than that of the binary
Fe-Ga alloys with similar gallium contents. The MS is com-
parable to that of Fe–Ga alloys with 30–35 at. % Ga, in
which a second phase Fe6Ga5 was found. Powder XRD was
used to investigate whether the decrease in MS of the Fe–
Ga–C alloys with 27–30 at. % Ga is also related to the
formation of a similar second phase Fe6Ga5 as in the binary
alloys. The result shown in Fig. 2 indicates there are two
phases in the alloys. One phase can be indexed as Fe3GaC0.5
Ref. 17 carbide with a perovskite structure.18 It can be con-
sidered as an ordered face-centered-cubic fcc arrangement
of Fe and Ga of type L12 with carbon atoms in the octahedral
interstices. The other phase might be D03 phase though only
peaks corresponding to a disordered bcc A2 structure were
found because of the similar atomic scattering factors of Fe
and Ga atoms precludes the detection of the superlattice
peaks on the powder sample. In order to clarify whether the
other phase is A2 or D03, high-energy synchrotron x-ray was
used to investigate the structure of Fe–26.7 at. % Ga–C
single crystal. This alloy was chosen because when quenched
it has the highest MS and largest difference in MS between
the water quenched and slow cooled conditions. Figure 3
shows high-energy synchrotron x-ray patterns for Fe–26.7
at. % Ga–C single crystal in the 011 zone axis. The appear-
ance of superlattice spots at 111 and 200 planes indicates
the existence of the D03 phase in both slow cooled and water
quenched alloys. There are additional spots close to the 022
spot in the pattern for the slow cooled alloy Fig. 3b,
which could be related to Fe3GaC0.5 phase shown in Fig. 2. It
can be seen from the XRD pattern shown in Fig. 2 that the
d-spacing for 111 and 200 planes in Fe3GaC0.5 is very
close to that of 022 plane in D03 phase and the mismatch
between 022 plane of D03 and 111 and 200 planes of
Fe3GaC0.5 is about 3% and 10%, respectively. The small mis-
match makes it possible that the 111 and 200 plane of the
Fe3GaC0.5 carbide grows epitaxial on the 022 plane of the
D03 phase as shown in the enlarged portion in Fig. 3b. It
can be seen from Fig. 3a that, except for the diffraction
pattern of D03, no extra spots were found in the pattern for
the water quenched alloy, indicating that the carbide was
dissolved into the matrix by high temperature annealing and
the solubility of carbon in this alloy is higher at elevated
temperature. As a result of retaining a single phase, the MS
increased in the water quenched alloys. This is consistent
with binary alloys where a second phase usually results in
decreased MS.11
FIG. 2. XRD patterns show a mixture of Fe3GaC0.5 and Fe3Ga D03 phases
in the Fe72.59Ga27.3C0.11 and Fe71.76Ga28.1C0.14 alloys.
FIG. 3. Synchrotron x-ray results of Fe–26.7 at. %Ga–C alloy show the D03
structure in both water quenched a and slow cooled b samples. The
indexed spots in slow cooled sample b are from the 200 plane of the
Fe3GaC0.5 carbide; the enlarged portion shows the epitaxial relationship be-
tween the 022 plane of D03 and 111 and 200 planes of Fe3GaC0.5.
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3. Comparison between slow cooled and quenched
alloys
The effect of quenching on MS for Fe–Ga–C alloys is
different in different phase regions, which is similar to
Fe–Ga binary alloys. It can be seen that, in the A2 region
with gallium content less than 18.6 at. % Ga, the MS of the
water quenched alloys is equal to or slightly lower than that
of the slow cooled alloys, indicating that quenching does not
help in improving the MS in this composition range. How-
ever, a significant increase in MS by quenching from high
temperature was observed for almost all of the alloys with
gallium content beyond 18.6 at. % Ga. Largest improvement
in MS by quenching was observed near the phase boundary.
For example, the MS increased from 301 to 432 ppm for the
Fe–20.9 at. % Ga–C alloy and from 169 to 450 ppm for the
Fe–26.7 at. % Ga–C alloy, increases of 43% and 165%, re-
spectively.
B. Fe–Al–C alloys
Figure 4 shows the MS of Fe–Al–C alloys together with
the Fe–Al binary alloys.14,16 The MS of the carbon-doped
alloys are compositionally dependent with a trend that is
similar to the binary Fe–Al alloys; it increases with Al con-
tent and reaches a maximum with a value of 204 ppm at
around 18.6 at. % Al near the solubility limit and then de-
creases. It can also be seen that the additions of small
amounts of C 0.03–0.19 at. % increases the MS over the
binary alloys. The measured MS for the Fe–Al–C alloys in
this study is about 30%–45% higher than that of binary
Fe–Al alloys reported by Hall16 and is about 5%–30% higher
than the result for Fe–Al binary alloys in our previous
study.14 For Fe–Al–C alloys with 18 at. % Al in the A2
region, the MS of water quenched alloys is equal to that of
slow cooled samples, whereas for alloys with 18 at. % Al
in the A2+D03 or D03 phase region, the MS of the water
quenched Fe–Al–C alloys is slightly lower than that in the
slow cooled condition. Similar quenching effect for the bi-
nary alloys was reported by Hall.16
IV. DISCUSSION
The addition of carbon into Fe–Al and Fe–Ga generally
increased the MS in the whole composition range for these
two systems except for the region where Fe3GaC0.5 formed
in Fe–Ga–C. This is different from the addition of transition
metals, which generally shows a reduction in the MS of
Fe–Ga alloys.9 The different effects on the MS by the addi-
tion of transition metals and carbon is believed to result from
their occupation site within the crystal lattice. It is reasonable
to believe that small atoms such as carbon enter into the
octahedral site as they do in pure -iron.19–22 In fact, since
the lattice parameters for the A2 phase increases with the
concentration of substitutional solute atoms such as Al Refs.
13 and 23 and Ga,24 this will, in turn, increase the radius of
octahedral site across the entire composition range, thereby
further favoring the octahedral site preferentially. Though the
alloying of Al or Ga into pure -iron could lead to the cre-
ation of energetically favorable but different positions for
carbon atoms in the bcc Fe lattice, carbon atoms were re-
ported to occupy the octahedral site in both A2 and D03 in
Fe–Al Ref. 25, which is consistent with the current result.
Considering the similarity of Fe–Al Ref. 13 and Fe–Ga
Refs. 12 and 13 systems, it is reasonable to believe that
carbon atoms remain on the octahedral site in both systems.
Further, since carbon is larger than the available octahedral
site in -iron, carbon is known to produce a tetragonal
distortion,19 and by analogy, Fe–Ga and Fe–Al alloys will
also be tetragonally distorted. Ga pairing along the 100
directions is thought to contribute to the enhanced magne-
toelasticity of Fe–Ga alloys5 and this pairing is accompanied
by tetragonal distortions crystallographically equivalent to
carbon occupying the octahedral site.
The addition of carbon also changes the solubility limit
of Ga in both the A2 and D03 phase regions. It is known that
for the slow cooled Fe–Ga alloys,11 the MS reaches a maxi-
mum at 17.9 at. % Ga and this composition corresponds to
the solubility limit of Ga in the A2 phase. With carbon
present and for the same slow cooled conditions, the maxi-
mum MS of 369 ppm occurs at a composition around 18.6
at. % Ga, which we interpret as the solubility limit of Ga in
the A2 phase when trace levels of carbon are present. A
similar result is found for water quenched alloys, where a
maximum MS 432 ppm is observed at higher gallium com-
position than that in quenched binary alloys 390 ppm. In
contrast to the A2 phase, the addition of carbon to D03 phase
narrows the solubility range with respect to Ga. The MS of
Fe–Ga–C alloys in the D03 phase region reaches a maximum
of 450 ppm at 26.7 at. % Ga, whereas the maximum MS of
the binary alloys reaches 440 ppm at 28.5 at. % Ga. Again
using the fact that the maximum in MS occurs at the edge of
the phase field and is correlated with the formation of a sec-
ond phase, the maximum in MS suggests that for water
quenched carbon-doped D03 phase the solubility limit de-
creases relative to the binary system. This effect of the added
carbon on the solubility in A2 and D03 phase regions is
clearly indicated in the MS of Fe–Ga–C alloys, as shown in
Fig. 1, the U-shaped trend line occurring over a much nar-
rower composition range for water quenched Fe–Ga–C al-
FIG. 4. MS of Fe–Al–C alloys compared with the binary Fe–Al alloys.
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loys. No phase diagram for the Fe–Ga–C is available to di-
rectly support this conclusion. However, with Al and Ga
being in the same group of the Periodic Table and the simi-
larity in the binary Fe–Al Ref. 13 and Fe–Ga,12 the Fe–
Al–C system is likely representative of the phase equilibria
of Fe–Ga–C. Three isotherms at 800, 1000, and 1200 °C
have been published for the Fe–Al–C system.26 Fe–Ga–C
alloys in this study were water quenched from 1000 °C;
therefore, the 1000 °C isotherm is particular relevant to the
water quenched conditions. From this isotherm, it can be
clearly seen that the phase boundary for the A2 phase is
pushed to higher Al content by the addition of carbon,26
which is consistent with the present result that the MS for the
Fe–Ga–C alloys peaked at a higher Ga concentration than the
binary alloys in the A2 region.
The dramatic decrease in the MS for the Fe–Ga–C alloys
with 26–30 at. % Ga is due to the appearance of
Fe3GaC0.5 carbide. It is known that the existence of a second
phase decreases the MS of Fe–Ga alloys.11 This is also true
for the Fe–Ga–C ternary alloys. For binary alloys, the drastic
decrease in MS beyond the D03 single phase region is due to
the formation of Fe6Ga5.11 The formation of Fe6Ga5 could
also be the reason for the decrease in MS for the Fe–Ga–C
alloys. However, Fe3GaC0.5 carbide was not found in the
water quenched but in the slow cooled Fe–26.7 at. % Ga–C
alloy and, accordingly, the MS dropped from 450 to 169
ppm, indicating that Fe3GaC0.5 carbide is most likely the
reason for the dramatic decrease in MS in this composition
range. The phase fraction of the carbide increased with car-
bon content and much more carbide was found in crystals
with higher carbon content, as shown in Fig. 2. This large
amount of carbide cannot be dissolved completely by high
temperature annealing, followed by water quench. As a re-
sult, though the MS of the water quenched Fe–Ga–C alloys
with 27–30 at. % Ga is higher than that of the slow
cooled samples with the same Ga concentration, they are
both much lower than that of the binary alloys.
It can be seen in Table I that there is a significant varia-
tion in the carbon content. This variation results from incon-
sistent melt practices as well as reaction of the carbon with
trace oxygen in the starting materials. Coupled with the in-
herent macrosegregation of gallium along the length of the
crystal during crystal growth by the Bridgman method, the
actual variation in MS at a fixed Ga composition is difficult
to achieve in practice. Clearly, systematic control of carbon
as well as Ga would lead to a better understanding of the
effect of carbon on MS.
The MS of the water quenched Fe–Al–C alloys in the A2
region up to 18 at. % Al is equal to or slightly higher
than that of the slow cooled alloys, which is similar to the
Fe–Ga–C alloys in the A2 region. However, unlike Fe–Ga–C
alloys, improvement in MS by quenching was not found for
the Fe–Al–C alloys near the A2 and D03 phase boundaries.
In contrast, the MS in the water quenched Fe–Al–C alloys
with 18–25 at. % Al is slightly lower than that of the slow
cooled ones. Similar results were reported by Hall that
quenching decreased the MS in Fe–Al alloys.16 The different
response to the thermal treatment for the Fe–Ga–C and Fe–
Al–C alloys could be due to the phase transition in these two
systems. Our previous study showed that water quenching
can keep the A2 phase and prevent the formation of D03
phase near the A2 phase boundary in the Fe–Ga Refs. 3 and
27 and Fe–Ga–C Ref. 8 systems. In contrast, water quench
does not fully retain the disordered A2 phase in the Fe–Al
system. For example, a disordering anneal, followed by a
rapid quenching of an Fe–23 at. % Al alloy into cold brine
did not completely suppressed the FeAl ordering and a fine
ordered FeAl B2 phase was found embedded in the disor-
dered A2 matrix.28 The B2 ordered phase will transform into
Fe3Al D03 by slow cooling.29 While the D03 phase is fer-
romagnetic at room temperature, the ordered B2 is
paramagnetic.13 They respond to the magnetic field differ-
ently. This could explain why there is no improvement in MS
for water quenched Fe–Al–C alloys with 18–25 at. % Al
and is consistent with our previous study in binary Fe–Al.14
V. CONCLUSION
In summary, we have investigated the effect of carbon
addition on the MS of Fe–Ga and Fe–Al alloys. The added
carbon generally increased the MS for the alloys in the
Fe–Ga and Fe–Al systems. The carbon addition also changed
the solubility limit of the A2 and D03 phases. The formation
of carbide in the Fe–Ga–C alloys with a composition near
the D03 phase region is detrimental to the MS. Fe–Al–C and
Fe–Ga–C alloys behaved differently upon quenching. The
MS in the quenched Fe–Al–C alloys is equal to or slightly
lower than that of the slow cooled ones, whereas the MS is
generally higher in quenched Fe–Ga–C alloys than slow
cooled ones especially in the region near the A2 or D03
phase boundaries.
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